Immediate-early (IE) mRNAs-4 and -5 of herpes simplex virus type 2 (HSV-2) are transcribed from the IRs/TRs genome regions towards the Us region. Each of these spliced mRNAs has an untranslated leader sequence of 249 bases and a single intron of approximately 540 bases which are contained entirely within TRs/IRs sequences. The DNA sequence of the intron largely comprises tandem reiterations of three distinct short sequences. Upstream of the common 5' mRNA termini the DNA sequence contains regions of homology with the equivalent region of HSV-1. Comparison of the polypeptides encoded by these HSV-2 mRNAs with those of HSV-1 shows blocks of conserved amino acids. The locations of the first initiator ATG triplets of these two HSV-2 mRNAs suggest that the IRs/TRs regions of HSV expand, by gene conversion or by equal though non-homologous crossover, to an extent determined by the functions of the DNA sequences which are duplicated or deleted as a result of the crossover. This mechanism for expansion of repeats may apply to other herpesviruses which have a genome structure similar to that of HSV.
INTRODUCTION
Herpes simplex virus types 1 and 2 (HSV-1, HSV-2) although differing serologically Pauls & Dowdle, 1967; Plummet, 1964) and exhibiting clinically distinct patterns of disease are very similar in terms of both genome structure and genome organization . Both viruses have a DNA genome comprising two unique segments (UL, Us; Fig. 1 ) each of which is bounded by its own inverted repeats (IRE, TRL and IRs, TRs; Sheldrick & Berthelot, 1974) to form the long and short segments which can invert relative to each other around their common joint, yielding four possible genome orientations (Sheldrick & Berthelot, 1974; Hayward et al., 1975; Clements et al., 1976; Delius & Clements, 1976; Wilkie & Cortini, 1976; Skare & Summers, 1977) . The colinearity of the HSV-1 and HSV-2 genomes is indicated by blot hybridization studies (Davison & Wilkie, 1983) , and by the identical map positions of their immediate-early (IE) mRNAs (Clements et al., 1977 Easton & Clements, 1980) , a group of five major species transcribed by host RNA polymerase II in the absence of de novo protein synthesis (Costanzo et al., 1977) . The existence of HSV-1/HSV-2 intertypic recombinant strains (Morse et al., 1977 (Morse et al., , 1978 Preston et aL, 1978) supports genome colinearity and further indicates that certain encoded proteins, and presumably the DNA sequences controlling their expression, are interchangeable between the two serotypes.
Of the five major IEmRNAs (Fig. 1) , three are unspliced Whitton et al., 1983) in common with most HSV mRNAs so far examined (McKnight, 1980; Anderson et al., 1981 ; Costa et al., 1981 ; McLauchlan & Clements, 1983) . In contrast, HSV-1 IEmRNAs-4 and -5 have a single splice and their common 5' termini lie within the short repeat (Rs) segments of the genome, as do the 5' and 3' splice junction sites ( Fig. 1 ; Watson et al., 1981 ; Rixon & Clements, 1982) . The intron DNA sequence comprises tandemly reiterated copies of a short sequence (22 bp in HSV-1 strain 17; Murchie & McGeoch, 1982) the copy number of which varies (Watson et al., 1981) , as reflected in the size heterogeneity of DNA fragments containing labelled deoxynucleoside triphosphate (dNTP). After 10 min, all four unlabelled dNTPs were added each to a final concentration of 80 gM, and the mixture left for 20 min prior to gel electrophoresis. As a result, all 3' end-labelled fragments were flush-ended.
RESULTS
The genome map locations of the clones used in the structural analyses of HSV-2 IEmRNAs-4 and-5 (BamHI z, a', b' and k') are shown in Fig. 1 , and restriction endonuclease cleavage maps of BamHI z and a' are shown in Fig. 2 . The DNA sequence of BamHI z extending from 94 bp upstream of the 5' terminus of IEmRNA-4 to the BamHI site in Us, and the equivalent sequence for BamHI a' are shown in Fig. 3 and 4 respectively. A comparison of the two DNA sequences allows the Rs/Us junctions to be located ( R2  I R1 I  ~2  I   450   500  GA GGC G GGGGCC~GGG GGCC~GGGGG CCGGGGGGA  GCCGGGGGGA C~GGCC~GGG GGACIGGGCCG C-C~A~GC-G CCGGGGGGAC GGGCCGGGGG  C~ RIC~Rl'  R2  --m  R2  --Rz  R2  Ra  R2 ' RI  R2  R3  R3  R3  ' R2   550   600  GGC~ACGGR2 I RIGCCGGGGGGAI R2 C ~_RIGGCCGGGGI R3GGC C~C.G__R2GGG AC ~ GGGGGACR2 1GGGGGGAR2 ~GG GGGGAR2 C~ GGCRI C~ GGGGGCR3 C~ GGGGGAR2 C~ GG RICCGGGGGGCCI R3 [ 
Overall structures of the IEmRNAs

IEmRNA-4
BamHI z was 5' end-labelled and hybridized to IE RNA; the hybrids were digested by either nuclease S1 or exonuclease VII, and the digestion products electrophoresed on a denaturing polyacrylamide gel. Bands of 1150 bases (b), 660 b and 320 b were present in the nuclease S1-treated sample (Fig. 5a, lane 4) , and bands of 1170 b and 320 b in the exonuclease VII-treated sample (Fig. 5a, lane 5) ; the high mol. wt. band is more clearly seen in a separate experiment (Fig. 5a, lane 8) . The 320 b band is formed by the 5' terminus of IEmRNA-3 (Fig. 1) and was seen also when 5' end-labelled BamHI a' was used as probe (Fig. 6a ). This IEmRNA is described in detail elsewhere (J. L. Whitton & J. B. Clements, unpublished results). The absence of the 600 b band in the exonuclease VII-treated sample (Fig. 5a, lane 5) shows that it identifies the 3' splice junction site. The 1150 b band represents the 5' terminus and its presence in the nuclease Sl-treated sample (Fig. 5a, lane 4) indicates that some of the mRNA is unspliced.
The 3' splice junction site was more precisely defined using AvaIf (Fig. 2) which was 5' endlabelled (at position 1044, Fig. 3) . A 145 b band was generated by nuclease S1 digestion (Fig. 5b,  lane 2) , thereby positioning the 3' splice junction site within Rs, around position 899 (Fig. 3) . The 3' terminus of this mRNA was not mapped by these methods; blot hybridization of short cDNA fragments complementary to the 3' end locates it in Bam e' (Easton, 1981) .
IEmRNA-5
Experiments similar to those described above were performed using 5' end-labelled BamHI a'. (Fig. 4 , position 843), which lies precisely at the nuclease S1 cleavage site, and its inverted counterpart TTGGG (Fig. 4, position 902 ). The presence of 216 b and 230 b bands in the exonuclease VII-treated sample is attributed to the endonucleolytic activity present in the enzyme preparation. The high mol. wt. band present in both nuclease S 1-and exonuclease VII-treated samples corresponds to the 5' terminus of IEmRNA-5.
When the 730 bp BamHI k' fragment was 5' end-labelled and used as probe, complete protection against nuclease S1 digestion was seen (Fig. 6b, lane 9) indicating that the mRNA extends through BamHI k' and is unspliced within it.
The 3' terminus was positioned using 3' end-labelled BamHI b'. A band of 560 b was present in both nuclease S1-and exonuclease VII-treated samples (Fig. 6b , lanes 2 and 4); the minor band of 900 b represents the 3' terminus of a rightwards-transcribed early mRNA which is present in small amounts even under conditions of cycloheximide block. The location of the 3' end of IEmRNA-5 was confirmed by re-cleaving BamHI b' with XbaI and identifying the subfragment which generated a band of 560 b (data not shown). 5 and 8 ) or of mock-infected RNA (lanes 3, 6 and 9) were hybridized to 5' end-labelled BamHI z, and the hybrids were digested either by nuclease S 1 (lanes 3 and 4) or by exonuclease VII (lanes 5, 6, 8 and 9). The products were electrophoresed on a 6% denaturing polyacrylamide gel. HinclI-digested ~X174 RF DNA fragments were run as size standards (lane 1). (b) 5' end-labelled Aval f fragment of BamHI z was hybridized to 20 ~tg IE RNA (lane 2) or mock-infected RNA (lane 3) and digested by nuclease S1. The products were electrophoresed on a 6% polyacrylamide gel. Size standards were HpalI-digested 5' end-labelled pBR322 fragments (lane 1). Lane 4 is the intact Aval fprobe.
Precise location of the common 5' terminus of lEmRNAs-4 and -5
The Avail b fragment (Fig. 2) , common to both BamHI a' and BamHI z, was 5' end-labelled and used as probe. Bands of 236 b and 215 b were formed in both nuclease S 1-and exonuclease VII-treated samples (Fig. 7a, lanes 2 and 4) . The 5' end-labelled AvalI b probe was re-cleaved with SmaI, generating two uniquely labelled fragments of 312 and 130 base pairs (Fig. 7 a, lane 7 ) which together were used in hybridizations; these probes yielded bands identical to those formed with intact Avail b (Fig. 7a, lane 9) , which shows that the direction of transcription is from Rs towards Us.
The 5' terminus was precisely positioned on the D N A sequence using a uniquely 5' endlabelled Sau3AI site (GATC, Fig. 3 and 4, position 217). There are two major 5' termini ( Fig.  7b) , separated by 3 bp, which correspond to the 215 b band seen in Fig. 7(a) . Note that the 236 b band is present (Fig. 7b ) in both IE R N A and mock-infected R N A samples. This band appears to result from intra-strand reassociation between the sequence C G C G C A , which is (a) hybridized to 20 ~tg of IE RNA (lanes 2, 4 and 9) or mock-infected RNA (lanes 1, 5 and 8). The hybrids were digested either by nuclease S1 (lanes 4, 5, 8 and 9) or exonuclease VII (lanes 1 and 2) and the products electrophoresed on a 6~ polyacrylamide gel. HinclI-digested ~bX174 RF DNA fragments were used as size standards (lanes 3, 6 and 10). Lane 7 is the intact BamHI k' probe. , and its inverted counterpart T G C G C G (position 120, Fig. 3 and 4) . Formation of such a loop would explain the 236 b band increase in the exonuclease VII-treated sample as compared to the nuclease S1-treated sample (Fig. 7 a, lanes 2 and 4) . Also, loop formation would be IE RNA-dependent as the R N A protects the labelled end of the D N A probe. A similar phenomenon has been observed using exonuclease VII to map the 5' termini of HSV-1 I E m R N A s -4 and -5 (Rixon & Clements, 1982) .
Coding regions delimit H S V Rs/Us junctions
Precise locations of the 5' and 3' splice junction sites
The 5' splice junction was located using 3' end-labelled AvaII c (Fig. 2) . A group of bands was obtained (Fig. 8a) , and the major bands (31 to 33 b) positioned the 5' splice junction site around nucleotide positions 343 to 345 ( Fig. 3 and 4) . In this region there are two G T dinucleotides within a 7 bp stretch: the G T at position 344 lies precisely at the nuclease S1 cleavage site and fits better to the consensus sequence for a splice donor ( C A G / G T~A G T ; Mount, 1982) . (Fig. 2) . Hybrids were electrophoresed alongside the DNA sequences of the probes (Fig. 8b) and with both probes the major band locates the 3' splice junction in a pyrimidine-rich stretch which precedes a splice acceptor (AG) dinucleotide. This is the only AG dinucleotide in the region, and the sequence of the proposed 3' splice junction accords well with the consensus (C)nNxCAG/G (Mount, 1982) . The position of the 3' splice junction appears displaced because the splice donor sequence (TTATCGCAG/G) is very similar to that of the splice acceptor (TTCTCGCAG/G). This allows the mRNA immediately upstream of the splice donor site to hybridize to the probe intron DNA for six bases upstream of the splice acceptor site, to the A/C mismatch at which nuclease S1 cleaves. Similarities between splice donor and acceptor sequences are well known and frequently obscure the position of splice acceptor sites (Mount, 1982) .
HSV-2 IEmRNAs-4 and -5 are spliced, and share common 5' flanking sequences, a 249 b leader sequence and a further 30 b specified by Rs. The DNA sequences of these regions, of the The splice acceptor site of IEmRNA-4 was located using the Avail c fragment of BamHI z which was 5' end-labelled then re-cleaved with AvaI. The larger of the two uniquely labelled fragments was hybridized to 20 ~tg of IE RNA (lane 3) or mock-infected RNA (lane 4) and was also sequenced. Hybrids were digested with nuclease S1 and the products electrophoresed alongside the DNA sequencing samples on a 6~ polyacrylamide gel. Lane 1 is a C + T reaction, and lane 2 is a G + A reaction. The sequence, which corresponds to the RNA, is complementary to that on the gel. The splice acceptor site of IEmRNA-5 was located in a similar fashion using the 5' end-labelled AvalI c fragment ofBamHI a' in sequencing (lane 5 is a C + T reaction, lane 6 is a G + A reaction) and in hybridizations to IE RNA (lane 7) or mock-infected RNA (lane 8). Again, the complementary (RNA) sequence is shown.
Coding regions delimit H S V R s / U s junctions
introns and of unique tracts of the m R N A s are presented in Fig. 3 and 4 ; with the exception of the intron D N A , the sequences in Rs are identical. Indicated in Fig. 3 and 4 are the ' T A T A ' homology, the c o m m o n 5' terminus, the splice donor and splice acceptor sites, the t a n d e m repeats within the introns and the Rs/Us junctions. The proposed HSV-2 a m i n o acid sequence within Us is shown above the D N A sequence and the equivalent HSV-1 a m i n o acids (Murchie & McGeoch, 1982; are shown where they differ from those of HSV-2. The 5' termini of HSV-2 IEmRNAs-4 and -5 are located within a sequence (CGTCCCGGTC, Fig. 3 and 4 , position 85) present as an inverted repeat downstream (GACCGGGACG, Fig. 3 and 4, position 131) . A similar feature is present at the 5' termini of IEmRNA-2 of both HSV-1 and HSV-2 (Whitton et aL, 1983) .
Common D N A sequences in 5' flanking regions and specifying the m R N A leader
DNA sequences within the intron
For IEmRNAs-4 and -5, the positions of the 5' splice junction sites are identical but the locations of the 3' splice junctions differ due to the different intron sequences. The introns largely comprise multiple tandem copies of three short DNA sequences (GGGCC, GGGGGGAC and GGGGGGCC, marked in Fig. 3 and 4 as R1, R2 and R3 respectively). The number and arrangement of these repeats differ in the two clones; the sizes of the IEmRNA-4 and IEmRNA-5 introns were 563 bp and 523 bp respectively. This situation resembles that in HSV-1 (Watson et al., 1981 ; Murchie & McGeoch, 1982) , although the repeating units differ in sequence and in size between the two serotypes; of the three HSV-2 repeating units only GGGGGGAC is present as a portion of the HSV-1 intron repetition.
Proposed polypeptide-coding sequences of IEmRNA-4 HSV-2 IEmRNA-4 encodes a 67 000 mol. wt. polypeptide of unknown function (Preston et al., 1978) . The first ATG (residue 969, Fig. 3 ) corresponds to the consensus sequence (ANNATGG) for an 'active' initiator (Kozak, 1981) ; the HSV-1 and HSV-2 amino acid sequences are aligned colinearly from the first ATG. The published HSV-1 DNA sequence allows amino acid prediction only to residue 1125 (Fig 3) ; thereafter, only the HSV-2 amino acid sequence is shown. Up to this point, the HSV-2 and HSV-1 sequences are colinear. Beyond this point, computerassisted comparison of nucleotide and amino acid homology with the remainder of the HSV-1 sequence (D. McGeoch, personal communication) reveals regions of high homology in a background of low homology with occasional insertions and deletions (data not shown). The HSV-2 and HSV-1 amino acid sequences appear to be colinear, and since the total length of the HSV-1 polypeptide is 420 amino acids, it is likely that the 197 HSV-2 amino acids presented here represent almost 50~ of the total polypeptide sequence. The high G + C content of the coding DNA is reflected in an unusual amino acid composition; some 50~ is represented by P, R, D, A and S.
The polypeptide-coding region of HSV-1 IEmRNA-3, which maps entirely in Rs, has the highest frequency of G and C at the third base of codons, thus maximizing the coding potential of a high G + C DNA (Murchie & McGeoch, 1982) . However this situation does not apply to the N-terminal portion of the HSV-2 67 000 mol. wt. polypeptide, in which the distribution of G and C is equal in all three positions, presumably because the G + C composition of Us is markedly lower than that of Rs.
Proposed polypeptide-coding sequences of lEmRNA-5
This HSV-2 mRNA encodes a polypeptide of 12300 mol. wt. (Marsden et al., 1982) and the proposed sequence of the first 57 amino acids is shown in Fig. 4 . The amino acid sequence is highly homologous to the equivalent HSV-1 12000 mol. wt. polypeptide; the amino acid sequences of the two peptides are colinear, with neither deletions nor insertions. There are discrete blocks of homology which may represent functional domains; for example, the first five amino acids are identical, and there is a conserved block of 11 amino acids encoded by nucleotides 996 to 1028.
The first ATG triplet (position 897, Fig. 4 ) corresponds to an 'active' initiator (Kozak, 1981) and is most remarkable for its location. The 'A' of the ATG is the first base outside Rs and the significance of this is discussed later. At a similar position in HSV-1 there are three in-frame ATG triplets within 45 bases whereas only the first is retained in HSV-2. Since the HSV-1 nucleotide sequence between the first and second ATG triplets is homologous to the HSV-2 sequence directly following its ATG, it is probable that the first ATG is used in HSV-1. However, it is possible that all three HSV-I initiation codons are used to some extent.
Nucleotide and polypeptide sequences at the 3' terminus of lEmRNA-5
The DNA sequence around the 3' terminus together with the restriction endonuclease cleavage sites used to generate it are shown in Fig. 9 . The polyadenylation signal AATAAA (Proudfoot & Brownlee, 1976 ) is present, as is the sequence YGTGTTYY some 24 bases downstream of the polyadenylation signal. The YGTGTTYY sequence has been found downstream of both HSV mRNAs and other eukaryotic mRNAs (J. McLauchlan & J. B. Clements, unpublished results).
The sequence is compared to the equivalent HSV-1 region (Watson & vande Woude, 1982; F. Rixon & D. McGeoch, personal communication) and there is high homology. In HSV-1 this region specifies three 3' co-terminal mRNAs, one of which encodes a 33000 tool. wt. polypeptide which has a termination codon 19 b upstream of the AATAAA box (F. Rixon & D. McGeoch, personal communication) . The high degree of DNA sequence conservation at this region indicates that HSV-2 encodes a similar polypeptide. The C-terminal amino acid sequence of this proposed HSV-2 polypeptide is shown together with that of the HSV-1 polypeptide where it differs. In this reading frame, 15 of 26 base mismatches lie in the third position of the codons and the proposed HSV-2 polypeptide is five amino acids longer, terminating in three tandem TAA stop codons near the AATAAA signal. (Rixon & Clements, 1982; Watson et al., 1981 , and sequence comparison between the two viruses indicates that these IEmRNAs are almost exactly colinear on the DNA genomes, having retained blocks of homology both in the 5' flanking regions and in polypeptide-coding sequences. Furthermore, the 33 000 mol. wt. polypeptide encoded by one of two mRNAs which are 3' co-terminal with HSV-1 IEmRNA-5 has an equivalent in the HSV-2 DNA sequence. These observations, coupled with similar results for IEmRNA-2 (Whitton et al., 1983) , suggest that the two serotypes share very similar genome organizations for the IEmRNAs.
Splicing provides mRNA and polypeptide diversity in adenoviruses and papovaviruses (Ziff, 1981) , but is not common in HSV. HSV-2 IEmRNAs-4 and -5 and the equivalent HSV-1 mRNAs are spliced; a single late mRNA species also may be spliced . However, the splicing of HSV IEmRNAs-4 and -5 occurs 5' to the first translational initiation codons and therefore the polypeptide-coding regions are identical in both spliced and unspliced mRNAs. There is evidence for unspliced cytoplasmic mRNAs for both HSV-1 and HSV-2 but as yet it is unclear whether they function in translation.
The size variability of BamHI a' and BamHI z (Davison & Wilkie, 1981) which contain the HSV-2 introns is likely to be a reflection of a differing copy number of the repeating units which largely comprise the intron. Several other HSV loci contain short tandemly reiterated DNA sequences and the copy number varies between clonal isolates (Davison & Wilkie, 1981) . Similar tandemly reiterated DNA sequences have been found in mitochondrial DNA (Faugeron-Fonty et al., 1979) , bacterial genes (Farabaugh et al., 1978) and upstream of human insulin (Bell et al., 1982) and fl-globin genes (Spritz, 1981) . Again, copy number has been shown to vary. Smith (1976) has proposed that in the absence of any selective pressure DNA sequences will evolve into simple tandem repetitions which will act as hotspots for recombination. It is likely that the HSV intron sequences will act as localized 'hot-spots' of generalized recombination, and this will, by homologous though unequal crossover, lead to the expansion or contraction of intron size. The constraints limiting the size of these long tracts of repetitive DNA are unknown; the HSV-2 introns are around 540 bp while those of HSV-1 are around 200 bp. However, the limited size variability of DNA fragments containing these introns indicates that wide variation from these respective sizes does not occur.
Comparison of the 5' flanking DNA and leader sequences presented here with those of HSV-1 reveals little homology, except for the 'TATA' boxes (GCGCACATAAAGG). Nevertheless, the HSV-2 region from -35 to -75 and the equivalent HSV-1 region contain similar though not identical G + C-rich tracts. There is no retention of homology around the cap sites, nor in the untranslated leader sequences.
We have noted that IE gene expression is regulated by several discrete upstream sequence elements and have identified the sequence TAATGARAT as the IE activator (Whitton et al., 1983) . The IE activator is absent from the sequences presented here but is present some 400 bases upstream of the 5' termini of HSV-2 IEmRNAs-4 and -5 in a location similar to that in HSV-1 (J. L. Whitton & J. B. Clements, unpublished data).
The first translational initiation codon of IEmRNA-5 has the 'A' of the ATG as the first base in Us and this defines the Rs/Usjunction. The position suggests that the ATG acts as a buffer to prevent the extension of TRs. A mechanism whereby the Rs regions might extend is shown in Fig. 10 (a) . Here, the repeats extend by equal though non-homologous crossover between two copies of the parental genome, P, which are inverted relative to each other. Consider that the arrows (~ and .,~) represent the first ATGs of IEmRNA-4 and -5. Crossover 1 (Fig. 10a ) occurs in Us upstream of both ATGs and would yield two recombinants (R × la and R × lb) with ATG triplets preceding open reading frames identical to those of the parental genome. Both recombinants should be viable and would have longer Rs and shorter Us segments than the parental molecules. As a result of this equal though non-homologous crossover, the total length of the short region (Rs + Us) is identical in the parental and progeny molecules. By this mechanism, the Rs/Us junction will extend towards the ATGs at both ends of Us at the same rate. The first ATGs of HSV-I IEmRNAs-5 and -4 are 8 bp and 40 bp respectively into Us Equal non-homologous crossover can lead either to the incorporation of a promoter element which becomes common to two previously independent genes, or to the deletion of a complete gene. P represents the parental genome, R1 is the progeny of a P x P crossover, and R2 is the progeny of an R1 x R1 crossover (see text). P~ and P5 represent promoter elements for genes 4 and 5. We have arbitrarily shown only gene 5 to be spliced in the parental molecule.
into Us, with subsequent conversion of one sequence to another. Gene conversion occurs in fungi (Radding, 1978) , yeast (Jackson & Fink, 1981 ; Klein & Petes, 1981) and possibly in human genes (Slightom et al., 1980; Liebhaber et al., 1981) . No data are available here to distinguish between the possibility of gene conversion and of equal non-homologous crossover. Crossover 2 (Fig. 10a) occurs downstream of the ATG of IEmRNA-5 and indicates how the ATG might act as a functional buffer. Recombinants (R x 2a and R x 2b) both encode altered polypeptides and therefore may not be viable. R × 2a has an unchanged ATG and open reading frame for the polypeptide encoded by 'EF', but also has a new ATG triplet upstream of 'I', which could initiate translation of a polypeptide terminating within or beyond T. Recombinant R × 2b has an unchanged ATG and open reading frame beyond 'I', but the polypeptide encoded by 'EF' lacks an initiation triplet and, in the absence of a second in-frame ATG, a polypeptide will not be made.
HSV-1 IEmRNA-5 has three in-frame ATGs at the N terminus of the 12000 mol. wt. polypeptide (Murchie & McGeoch, 1982) and deletion of the first or second ATG might still allow the synthesis of a truncated polypeptide. However, as Fig. 4 shows, at the N terminus a block of five amino acids is conserved between the HSV-2 and HSV-1 polypeptides, suggesting that retention of these ATGs may be mandatory for HSV-1.
This model for the delimitation of repeat length by translational initiation codons equally can be applied to translational termination codons. Consider two open reading frames which extend from Us towards IRs and TRs, and let the arrows in Fig. 10(a) represent the stop codons of these frames. Unlike the situation with initiation codons where incorporation of one ATG into Rs is probably lethal, incorporation of the stop codon nearer to the Rs/Us junction does not affect the reading frames (R × 2a, Fig. 10a) ; it is the incorporation of the second stop codon which is lethal. Significantly, varicella-zoster virus (VZV), the genome of which is very similar to that of HSV (Dumas et al., 1980 (Dumas et al., , 1981 Davison & Scott, 1983) , has one open reading frame running into TRs, and another reading frame whose termination codon lies precisely at the IRs/Us junction (Davison, 1983) . This organization conforms exactly to our hypothesis.
Equal non-homologous recombination can be invoked to generate two mRNAs sharing identical promoter sequences, as is the case for IEmRNAs-4 and -5 (Fig. 10b) . Here, the parental molecule, P, is shown as having gene 3 as diploid, while genes 4 and 5 differ. Crossover as shown yields two progeny molecules, one of which is shown (R1) and has a transcriptional arrangement similar to IEmRNAs-3/4 and -3/5 of HSV (Fig. 1) . This arrangement will be viable if the acquired promoter is suitable for its 'new' coding sequence.
It is possible also for such expansion of Rs to delete whole genes if the crossover occurs beyond the 3' termini of the genes. Consider recombination between two R1 molecules, to generate R2 in which only one of the genes 4 and 5 is retained. The VZV DNA sequence data suggest that this is the arrangement of the short region of the genome, although as yet no mRNA mapping data are available to confirm this (A. Davison, personal communication) .
